All files are available from the Harvard database (<https://dataverse.harvard.edu/dataverse/cockroach>).

Introduction {#sec005}
============

Our research group studies insect neurophysiology for educational applications, where typical experiments involve cutting the leg off of a cockroach through a transverse coxa-cut, inserting electrodes into the coxa and tibia/tarsus joint, and monitoring the neural activity over a number of hours in the still-living detached leg \[[@pone.0146778.ref001]--[@pone.0146778.ref003]\]. As cockroaches can survive the leg removal and continue to eat, locomote, and breed with 1--2 legs missing, a question we often receive from the scientific community and the public during demonstrations is whether the leg can regenerate in our experiments.

Invertebrates are famous for their regenerative abilities, notable examples including the sea star and the planarian. Indeed, this is no different for insects, with many using leg autotomy as a defense mechanism against predators \[[@pone.0146778.ref004]\]. The first reports of invertebrate limb regeneration in general were by René-Antoine Réaumur in 1734 \[[@pone.0146778.ref005]\] on crabs and certain insects, and the first report on cockroach limb regeneration in particular was by Harold Brindley in 1897 \[[@pone.0146778.ref006]\]. The cockroach limb regeneration was discovered by accident when Brindley and his colleagues noted that 1--2 random legs of any given cockroach (in *Peripleneta americana* and *Blattella germanica*) have only 4 tarsal joints instead of the normal 5. Investigation revealed that a leg with only 4 tarsal segments was in fact a regenerated leg.

Since then, it has been borne out by scientists in the 20^th^ century that epidermal cells respond to the limb injury and develop a new leg *de novo* from a blastema, and this leg regeneration can delay a subsequent molt by 1--3 days \[[@pone.0146778.ref007]--[@pone.0146778.ref008]\]. The cockroach leg has built-in autotomy planes at both the femur/trochanter joint and the tibia/tarsal joint, which allow the limb to separate without substantial injury to the animal. Regenerating legs appear when animals molt, and grow in size with each subsequent molt.

Though cockroach leg regrowth has been studied by multiple groups over the past 118 years, almost all the work has focused on removal at the two autotomy joints in newly hatched cockroaches \[[@pone.0146778.ref006]--[@pone.0146778.ref013]\] that are too small (\<5 mm in length) for our neurophysiology experiments. Moreover, the effect of leg removal method on the subsequent neurophysiology of the detached leg has to date been unstudied.

To determine the time course of leg regeneration as regards to leg removal type in juvenile cockroaches, survival and leg regrowth was studied in *Blaberus discoidalis* (3--6 months of age, 20--30 mm in length) in which the leg was removed either through a) autotomy at the femur/trochanter joint (as the regeneration literature has studied \[[@pone.0146778.ref006]--[@pone.0146778.ref013]\]), or b) a transverse cut through the mid-coxa (as the neurophysiology community uses \[[@pone.0146778.ref001], [@pone.0146778.ref003]\]) (see **[Fig 1](#pone.0146778.g001){ref-type="fig"}**). Furthermore, the neural spiking firing rate activity and microstimulation thresholds in autotomy-removed versus coxa-cut legs was studied to examine neurophysiology changes dependent on leg removal type.

![The two different types of leg removal utilized.](pone.0146778.g001){#pone.0146778.g001}

The thorax of the cockroach contains three ganglia, each one receiving sensory input and sending motor output to its corresponding pair of legs (prothoracic, mesothoracic, and metathoracic). Each side of each ganglion has 7 nerves that are numbered in rostral to caudal order \[[@pone.0146778.ref014]--[@pone.0146778.ref015]\]. Four of these nerves (numbers 3, 4, 5, and 6) subsequently innervate the leg. Through detailed anatomical studies \[[@pone.0146778.ref016]--[@pone.0146778.ref018]\], it has been found that nerves 4 and 6 are purely motor, while nerves 3 and 5 contain a mix of both sensory and motor fibers. Nerves 3, 4, and 6 innervate the coxa and trochanter structures, whereas nerve 5 is the only nerve whose trunk and ramifications innervate the femur, tibia, and tarsus of the leg.

The motor axons control the various leg musculature, and the sensory axons deliver information from the leg's propriosensors: 1) the chordotonal organs and hair plates that detect the relative position of the joints and 2) the campaniform sensilla which sense deformation of the leg cuticle as well as the prominent tibial barbs \[[@pone.0146778.ref014], [@pone.0146778.ref019]\].

Materials & Methods {#sec006}
===================

*Blaberus discoidalis*, popularly called "discoids" or "false death's head cockroaches," were used for this work. Though discoids have not been previously studied for their leg regeneration abilities, they are commonly used by scientists studying biomechanics, motor control, and neurophysiology \[[@pone.0146778.ref020]--[@pone.0146778.ref022]\]. They are among the larger species of South American cockroaches (up \~75 mm in length as adults) and live under the bark of rotting trees in the Amazonian rainforest.

216 juvenile, mixed-sex, 24 ± 5 mm (s.d) in length, 0.9 ± 0.5 g (s.d) in weight individuals were randomly split into four groups of 54 cockroaches each. The four groups were 1) control, 2) autotomy, 3) coxa-cut sterilized and 4) coxa-cut unsterilized.

The control group cockroaches were placed in a tub of ice water to anesthetize them. One by one, each cockroach was removed from the ice water, its body length (from the tip of head to the end of abdomen) was measured with digital calipers, and a mark of red paint (Revlon finger nail polish) was applied to the dorsal exoskeleton as an indicator for subsequent molting. The cockroach was then placed in a communal terrarium with the rest of the control cockroaches.

The "autotomy" group was similarly anesthetized in ice water, painted, and measured. To remove the left metathoracic leg, a pair of forceps was used to grasp the mid-point of the femur of the leg, and the femur was then tugged to cause the leg to separate at the trochanter/femur autotomy joint (see **[Fig 1](#pone.0146778.g001){ref-type="fig"})**. In between animals, the forceps were sterilized by dipping in ethanol and then passing through a butane lighter flame. Care was taken to remove the leg in the same manner in every individual. The autotomy cockroaches were housed together in their own communal terrarium.

There were two "coxa-cut" groups in which the left metathoracic leg was cut transversely though the midpoint of the coxa with surgical scissors. In one group, the scissors were sterilized between cuts (in the same manner as the forceps above in the autotomy group), and in another, the scissors were not sterilized. This was done to measure the effect of insect survival due to sterilization techniques, based on observations from previous pilot studies not reported here. The coxa-unsterilized group and the coxa-sterilized groups were housed separately in their own sub-group communal terrariums.

Animals were given 3 days to recover from the leg removal procedure, and then measurement sessions commenced. In each group, cockroaches were removed one by one from their home cage and examined for whether the red paint mark was present on the dorsal side. If the paint mark was absent, the cockroach was considered "molted" and placed in ice water for anesthesia and subsequent measurement (pilot studies revealed that the paint mark did not come off easily with cockroach grooming or other behaviors). If a cockroach still had its mark of red paint present, it was placed in a temporary "counting" terrarium. If a cockroach was dead, it was counted as "perished" and disposed of. After all cockroaches were accounted for, the unmolted cockroaches were then placed back in the home terrarium. Measurements of the anesthetized (recently molted) roaches were then done.

One by one, each anesthetized cockroach was removed from the ice-water, dried, the body length was measured with digital calipers, and a photo of the ventral side of the autotomy and coxa-cut groups was taken with a custom 3D-printed 10x smartphone microscope "RoachScope" (see **[Fig 2](#pone.0146778.g002){ref-type="fig"}**) to record the presence or absence of a regenerated leg. When a cockroach regenerating leg first manifests, it appears "fully formed," though in miniature, after a certain number of molts \[[@pone.0146778.ref006]--[@pone.0146778.ref013]\]. Thus, the two measures taken were:

1.  Presence or Absence of a Leg

2.  Size of Leg, if Present

![Roachscope.\
**A**. Side view of "RoachScope" custom 3D printed microscope with integrated 10x loupe lens. **B.** Placement of smartphone on microscope to take stable photographs.](pone.0146778.g002){#pone.0146778.g002}

This permitted the observation of healing time course, leg size, and the different growth rates during the measurement sessions in the various groups.

After photography, a fresh mark of red paint was applied to the dorsal side of the cockroach, and the cockroach was then placed back in its home terrarium. This measurement procedure was done once every week throughout the duration of the study (28 weeks in total).

To normalize within-colony effects, all terrariums were kept together in the same environment where the temperature ranged from 21--27° C (\~70--80° F) during the day to 16--21°C (60--70° F) at night. The terrariums (20 x 10 x 5 cm) had approximately 5 cm of earth inside and were filled with various egg crates and cardboard paper rolls. The cockroaches were sustained with iceberg lettuce, slices of fresh potatoes and carrots, and dry cat food. Once a week, cages were cleaned and fresh food added.

To prevent breeding during the experiment, when a final molt was observed (wings present) during a measurement, such mature adults were then removed from their respective colonies and relocated to an unrelated colony to be used for other experiments and breeding of stock.

Data Analysis {#sec007}
-------------

### Survival rates of cockroaches over time {#sec008}

To examine whether different types of leg removal affected vitality of the cockroaches, it was noted how many cockroaches were living versus expired during each measurement session throughout the duration of the experiment.

### Regenerating leg observation and respective size over time during molts {#sec009}

Each photo taken of the cockroaches had a built-in calibration mark of 1 mm x 10 mm (see **[Fig 3](#pone.0146778.g003){ref-type="fig"}**), which permitted observation and quantitative measurements of regenerated legs using the freely available NIH ImageJ analysis program. Size of the regenerating leg (left metathoracic leg) was compared to the size of contralateral uncut leg (the right metathoracic leg). The specific measurements were 1) *femur length*--measured from the medial side of the femur going from the trochanter/femur joint to the femur/tibia joint, and 2) *tibia length*--measured from the medial side of the tibia going from the femur/tibia joint to the tibia/tarsus joint (see **[Fig 3](#pone.0146778.g003){ref-type="fig"}**for clarity of these measurements). These two measurements of femur length and tibia length were combined to get a measure of the limb size.

![Cockroach Leg Measurement.\
Example of measurement of cockroach leg photographs using 10 mm reference guides on microscope base and the NIH ImageJ analysis program.](pone.0146778.g003){#pone.0146778.g003}

Neurophysiology Experiments {#sec010}
---------------------------

### Neural Recording {#sec011}

To test the effect of the presence or lack of a coxa on the neural spiking activity of the cockroach leg, the left, metathoracic leg from 8 cockroaches was removed via a transverse coxa cut. One stainless steel "map pin" electrode was inserted into the coxa, the other map-pin electrode in the tibia/tarsus joint, and the electrodes were plugged into a "SpikerBox" Neural Amplifier \[[@pone.0146778.ref001]\]. 10 seconds of spontaneous activity were recorded, followed by 10 seconds of lightly tapping the prominente barbs on the tibia of the cockroach leg with a plastic probe. After this measurement, the electrode that was in the coxa was then inserted into the center of the femur, and the same recording procedure repeated (10 seconds of spontaneous activity followed by 10 seconds of light touch). Finally, the coxa was then removed with forceps, the electrodes left in place, and the recording procedure repeated once more. The spike firing rate of the spontaneous and barb deflection neural data in the three experimental conditions was then analyzed by extracting neural action potential (spike) times using a threshold window discriminator in the Backyard Brains "SpikeRecorder" software, exporting the spike times to Matlab (Mathworks, Inc., Natick, MA), and then measuring spike firing rates during the 10 seconds of spontaneous activity versus the ten seconds when the tibial barbs were deflected with a plastic probe. Averages were taken across all 8 legs in the various electrode configurations, and the Student's t-test was used to statistically compare the results.

### Electrical Microstimulation {#sec012}

In our standard microstimulation experiments \[[@pone.0146778.ref001]\], electrical signals of various frequencies are sent to the cockroach leg, and the movement thresholds (amplitude of the electrical signal which causes visible cockroach tibia deflection) can be observed. Previous work on insect legs by our research group has found the frequencies with the lowest microstimulation thresholds to be 50 Hz and 100 Hz \[[@pone.0146778.ref023]\], and a similar procedure was utilized here.

The left, metathoracic leg of 8 additional cockroaches was removed in the same manner as stated above. One map-pin electrode was placed in the coxa, and the other map-pin electrode was then inserted in the femur (the electrode cannot be placed in the tibia/tarsus joint, as was done in the neural recording experiments, as the cockroach tibia needs to be able to freely move in response to the electrical microstimulation). During the microstimulation experiments, the threshold of movement to 50 Hz and 100 Hz sine wave electrical signals was tested using the "Tone Generator" App on an iPhone 5s. An iPhone has 16 discrete volume settings (going up to maximum \~1.3 V), and the lowest volume setting that caused visible deflection of the cockroach leg at 50 Hz and 100 Hz was recorded. Following these measurements, the electrode in the coxa was moved into the femur (both electrodes now in the femur), and the thresholds for movement to 50 Hz and 100 Hz were observed similarly. Finally, the coxa was removed with forceps, and the thresholds measured a third time. The thresholds in all 8 legs were averaged for the three experimental conditions, and the Student's t-test was performed to examine statistical difference between the groups.

Results & Discussion {#sec013}
====================

Survival Rates {#sec014}
--------------

Of the 216 cockroaches at the beginning of the study, 152 (70%) were still living at the close of the study (28 weeks). Cockroach death was not related to injury type; chi-square tests did not reveal any significant differences in vitality (percentage living) between the four groups (control, autotomy, coxa-cut unsterilized, and coxa-cut sterilized) during the duration of the study (p = 0.82, df = 3, N = 216). Due to this lack of observed difference, all major subsequent analysis in this manuscript shall treat the 52 unsterilized and 52 sterilized coxa-cut cockroaches as one group of 104 individuals.

Though removal of a single metathoracic leg does not affect vitality compared to control cockroaches, this experiment was done in a controlled environment where all cockroaches had *ad libitum* access to food and no insectivorous predators were present. In natural environments where resources are scarce, the lack of a leg may reduce the competitive fitness of the cockroach (affecting speed and navigation), as it is known cockroaches use the tarsal structures on their metathoracic legs to spin around ledges during escape behavior \[[@pone.0146778.ref024]\].

First Leg Appearance and Molting Frequency {#sec015}
------------------------------------------

See **[Fig 4](#pone.0146778.g004){ref-type="fig"}**for photographic examples of regenerated legs and **[Fig 5](#pone.0146778.g005){ref-type="fig"}**for the aggregate time course of regenerated leg appearance in the populations. Over the course of the study, 152 molts occurred in the autotomy group (from N = 54 cockroaches), of which 120 molts showed a regenerating leg (78%). In the combined coxa-cut group, 273 molts total occurred (from N = 108 cockroaches), of which 80 demonstrated new legs (29%). This significant difference in percentage (chi-square test, p \<0.0001, df = 1, N = 425) is due to the delayed regeneration of the coxa-cut legs. First observation of a new leg in the autotomy group was at 5 weeks, and, considering only the molts that occurred after the first observation of a regenerated leg, almost all subsequent observed molts showed a new leg (94%, of 128 molts). The appearance of new legs in the autotomy group thus followed a "step function" pattern, with new legs appearing at roughly the same time in the population following a healing process lasting approximately 5 weeks. In the coxa-cut group, the appearance of new legs was more gradual, with the percentage of observed molts showing a regenerated leg progressing in a linear fashion after new legs began appearing at 12 weeks (see **[Fig 5](#pone.0146778.g005){ref-type="fig"}**). For example, of the 148 molts that occurred after the first observed leg regrowth in the coxa-cut population, only 54% showed a regenerated new leg.

![Observation of cockroach legs at various time points.\
Note that at 43 days a well-formed regenerated leg exists in the autotomy cockroach, but the coxa-cut cockroach only reveals a healed coxa and lacks a regenerated leg. At 125 days, the autotomy-removed leg has fully regrown, but in the coxa-cut leg, the regenerated leg is still quite small. Images over time are not necessarily of the same cockroaches.](pone.0146778.g004){#pone.0146778.g004}

![Percentage of new molts with a regenerated leg.\
Y--axis refers to the percentage of molts observed at the indicated time point that revealed a regenerated leg. After day 43 post-leg removal, in the autotomy group, almost all molts contained a regenerated leg. Similar observations were delayed in the coxa-cut group. The dip at day 110 in the autotomy group (12 of 15 observations showing a regenerated leg) and at day 170 in the coxa-cut group (4 of 7 observations showing a regenerated leg) is likely due to molt failure, with the already regenerating leg self-autotomizing during the molt.](pone.0146778.g005){#pone.0146778.g005}

Size of regrowing legs {#sec016}
----------------------

See **[Fig 6](#pone.0146778.g006){ref-type="fig"}**for an analysis of the size of the regenerating leg in comparison to the contralateral uncut leg. Autotomy legs were always larger than the coxa-cut legs at any given time point. For example, at 43 days, when regenerating legs began appearing regularly (\>33% of observations showing new leg, number of new leg observations \>2) in the autotomy group, the mean autotomy leg size was 72% of the contralateral control leg (12 observations). When legs began appearing regularly in the coxa-cut group (\>33% of observations showing new leg, number of new leg observations \>2), at 100 days the new leg was only 29% of the size of the contralateral control leg (14 observations), significantly smaller than the autotomy-regenerated legs (student's t-test: p \<0.0001, df = 24, N = 26) and also later in appearance. In both groups, subsequent molts revealed increasingly larger legs with time. In the autotomy group, full leg regrowth (considered to be at 80--100% size of the contralateral control leg) took place within 100--150 days (**[Fig 6](#pone.0146778.g006){ref-type="fig"}**), whereas in the coxa-cut group, full leg regrowth required more than 200 days.

![Size of regenerated leg in comparison to contralateral uncut control leg.\
In molts where a regenerated leg was observed, the size of the femur and tibia were measured on both the regenerated leg and the control leg. Femur and tibia length were then added together, and the size of the regenerated leg as a percentage of the length of the contralateral control leg was calculated. Autotomy-removed legs regrow earlier and are larger than coxa-cut legs.](pone.0146778.g006){#pone.0146778.g006}

The likely reason for the more efficient recovery in the autotomy group is that an autotomy-removed leg more closely resembles an injury the cockroach would actually experience in its natural environment, as random cockroaches in the field can often have 1--2 legs missing at autotomy points due to predation or other noxious events \[[@pone.0146778.ref006]\]. It is rather challenging to imagine a situation where a cockroach would suffer an injury or attack resulting in a transverse coxa-cut that it would subsequently escape and recover from. Thus, there was likely less evolutionary pressure to develop mechanisms to recover rapidly from coxa-cut injuries than autotomy point injuries. Examining regeneration abilities between invertebrates that have limbs which extend laterally (such as various crustaceans and arachnids), and are more vulnerable to attack, and invertebrates that have limbs which extend ventrally (such as termites and cockroaches) may reveal differences in speed of regeneration from non-autotomy breakage points.

Neurophysiology Experiments {#sec017}
---------------------------

See **[Fig 7](#pone.0146778.g007){ref-type="fig"}**for sample electrophysiology traces, electrode configurations, and average root mean square (RMS) values during the neural recording experiments. See **[Fig 8](#pone.0146778.g008){ref-type="fig"}**for a firing rate analysis of the same data. Both spontaneous firing rate and barb deflection firing rate measured with an electrode in the coxa were higher than with an electrode in the femur.

![Neural Recordings in Different Electrode Configurations.\
Electrodes were first placed in the coxa and tibia tarsus joint; spontaneous rate was recorded for 10 seconds, followed by 10 seconds of lightly touching the tibial barbs with a plastic probe. The coxa electrode was then moved to the femur, and a similar recording of spontaneous activity and tactile activity done. Finally, the coxa was removed with forceps, and the measurements of neural signals repeated. The average root mean square, a measure of signal amplitude, for all 8 legs is shown underneath the traces and is reported in arbitrary A/D (analog to digital) conversion units.](pone.0146778.g007){#pone.0146778.g007}

![Firing Rate Analysis in Different Electrode Configurations.\
Firing rate was measured during 10 seconds of spontaneous activity followed by 10 seconds of evoked spiking (by manually deflecting the tibial barbs) during all three conditions. Firing rate average and standard deviation from all 8 legs measured is shown (same data set as shown as **[Fig 7](#pone.0146778.g007){ref-type="fig"}**). Spontaneous Firing Rate and Barb Deflection Firing Rate was significantly higher when one electrode was in the coxa versus when one electrode was in the femur. No differences were observed between the coxa attached and coxa removed femur electrode conditions. \* = p\<0.05, Student's t-test.](pone.0146778.g008){#pone.0146778.g008}

The spontaneous firing rate measured with the coxa electrode was 31.9 ± 18.8 Hz (s.d.), significantly higher than that measured with the femur electrode, at 4.0 ± 3.3 Hz (coxa intact, p = 0.004, df = 14, N = 16) and 4.4 ± 2.8 Hz (coxa detached, p = 0.001, df = 14, N = 16). There was not a significant difference in the spontaneous rates measured with the femur electrode between the coxa attached versus unattached conditions (p = 0.77, df = 14, N = 16).

When the tibial barbs were manually deflected, firing rates always unequivocally increased, regardless of electrode configuration. Though the robust increase in firing rate from spontaneous resting state during tibial barb deflection was obvious in all cases (and indeed why the cockroach leg preparation makes such a compelling educational preparation), the coxa electrode measured a significantly higher firing rate, at 84.8 ± 30.7 Hz, compared to the femur electrode conditions (39.9 ± 8.8 Hz with the coxa intact, p = 0.001, df = 14, N = 16 and 37.7 ± 7.1 Hz with the coxa detached, p = 0.008, df = 14, N = 16). The higher firing rate upon barb deflection measured from the coxa electrode is likely due to the higher intrinsic spontaneous rate as well as possible activation of joint and stretch sensory receptors (hair plates and chordotonal organs) in the coxa due to the pressure of touching the tibial barbs \[[@pone.0146778.ref014], [@pone.0146778.ref019]\]. There was not a significant difference in firing rate upon barb deflection between the coxa intact and coxa detached conditions measured with the femur electrode (p = 0.6, df = 14, N = 16).

Given that four nerves (nerve numbers 3, 4, 5, and 6) innervate the coxa, but only one of these nerves subsequently innervates the femur and tibia (nerve number 5) \[[@pone.0146778.ref016]--[@pone.0146778.ref018]\], with one electrode in the coxa and the other electrode in the tibial/tarsus joint, it is possible the electrical activity of four nerves is being recorded simultaneously. However, with one electrode in the femur and the other in the tibia/tarsus joint, only one nerve is being recorded, nerve 5. This offers a potential explanation for why the spontaneous firing rate is lower with an electrode in the femur, due to the smaller neural population.

Hence, an autotomy-removed leg vs. a coxa-removed leg has minimal effect on the usefulness of the leg preparation for teaching neurophysiology rate coding: brushing the barbs causes an increase in spiking activity, and this increase in spiking activity is proportional to the strength of the tactile stimulus. The other important observation, that an electrode in the coxa has a higher spontaneous firing rate compared to an electrode in the femur, may be of interest to a class studying the design of neural interfaces, principles of selecting the proper ground location, recording from different populations, etc.

See **[Fig 9](#pone.0146778.g009){ref-type="fig"}**for a summary of the microstimulation experiments. When one electrode is in the coxa and the other electrode is in the femur, this can be considered analogous to "monopolar" stimulation, where the stimulating electrode is distant from the return ground electrode. With both electrodes in the femur, this can be considered "bipolar" stimulation, where both the stimulating and return electrodes are in nearby tissue. It is known in the microstimulation literature that bipolar stimulation has higher stimulation thresholds due to more localized current spread between the two electrode pairs \[[@pone.0146778.ref025]\]. The experiments performed here verify such results. The "bipolar" configuration, with both electrodes in the femur, had a 10% higher activation threshold of movement compared to the monopolar configuration (p = 0.021 (coxa intact), p = 0.0055 (coxa absent), df = 14, N = 16). The presence or absence of the coxa did not affect the threshold in the bipolar (both electrodes in the femur) stimulation experiments (p = 0.17, df = 14, N = 16).

![Microstimulation Thresholds for Eliciting Cockroach Leg Deflection.\
Electrodes were first placed in the coxa and femur and connected to modified audio cables plugged into an iPhone 5s running the "Tone Generator" App. The volume necessary (threshold) to cause visible leg movement at two electrical sine wave frequencies was then measured. The coxa electrode was subsequently moved alongside the femur electrode, and thresholds tested again. Finally, the coxa was removed with forceps, and thresholds measured similarly. Thresholds were significantly higher with both electrodes in the femur (bipolar configuration) versus one electrode in the coxa and the other in the femur (monopolar configuration). There was not a significant difference in thresholds between the coxa present and coxa absent conditions with both electrodes in the femur. Thresholds were measured in 8 legs during the three conditions and then averaged. Voltage output of iPhone was measured with an oscilloscope and is also reported next to threshold values. \* = p\<0.05.](pone.0146778.g009){#pone.0146778.g009}

Important to note is that, with the leg removed via autotomy, while thresholds are higher, movements can still be elicited. In the context of a classroom demonstration, these higher thresholds are manageable and do not detract from the teaching experience.

Number of Molts and Intermolt Time {#sec018}
----------------------------------

Total autotomy, coxa sterilized, and coxa unsterilized molts were 152, 128, and 145, respectively, not varying notably from the number of control molts (140) observed. No apparent differences were seen in the time course of molts between groups on given observation points (see **[Fig 10](#pone.0146778.g010){ref-type="fig"}**). Interestingly, there appeared to be synchronization in peak molting at day 100 and day 150 in all groups. Such synchronization may merit further investigation in future studies unrelated to limb loss.

![Number of molts observed during each measurement period in the four groups.\
Differences between groups was not apparent, though the "group synchronization" of peak molting at day 100 and 150 may deserve further examination in future work.](pone.0146778.g010){#pone.0146778.g010}

Even though coxa-cut cockroaches were molting at a frequency and time course comparable to the autotomy and control groups, the regenerated leg did not begin appearing until much later following limb amputation. This is hypothesized to be due to the healing process of the coxa, which is likely delaying the regeneration of the leg in the coxa-cut group (See **[Fig 4](#pone.0146778.g004){ref-type="fig"}**for an example of the "coxa healing molt").

Though the growth of the new leg probably puts an increased metabolic load on the cockroach, longer intermolt times were not detected in the experimental animals versus the controls with unremoved legs. However, the time difference in molting time between leg-removed cockroaches and controls previously reported in the literature is quite small (only a 1 day delay) and was studied in newly hatched cockroaches that molt approximately every week \[[@pone.0146778.ref010]\], shorter than the 30--60 days between molts in the juvenile cockroaches in this study.

Of note is to clarify that this work does not determine the average number of molts needed in the coxa and autotomy groups before the regenerated leg first appears. Such a measurement requires maintaining the identity of each individual cockroach throughout the duration of the experiment, which encountered difficulties during pilot studies. For example, during an observation session, if five cockroaches in a sub-group terrarium had molted, matching molted cockroaches to their "exoskeleton" sheaths was largely guesswork. Housing and caring for 216 cockroaches in individual cages was not feasible given lab resources, and, moreover, may be detrimental to individual cockroaches' health \[[@pone.0146778.ref026]\].

However, given the previous literature as well as the experiments done here, a testable hypothesis is that a coxa-cut leg, due to the slower healing process, needs 2--4 molts for a regenerated new leg to appear, whereas, as the literature already reveals, the autotomy-removed leg needs 1--2 molts for a regenerated leg to appear.

Comparison with Previous Literature {#sec019}
-----------------------------------

In previous cockroach leg regeneration studies, limbs were always cut at the autotomization points \[[@pone.0146778.ref007], [@pone.0146778.ref009]--[@pone.0146778.ref010], [@pone.0146778.ref027]--[@pone.0146778.ref029]\]. When the legs are removed at the trochanter/femur autotomy joint in young cockroaches, the literature notes three effects that occur dependent on the remaining intermolt time. If the animal is very near molting, a "coagulated hemolymph" healing wound appears on the subsequent molt that looks similar to the original wound. If the animal is past a certain critical period but has enough time to heal the wound, a papilla with a smooth coxa and trochanter appears without a regenerated leg. If the animal has its leg removed before a "critical period", a regenerated leg appears on the subsequent molt. The data presented here in this manuscript are in agreement with the previous literature on autotomy, with the first two responses observed before 36 days in the autotomy group, and the third response occurring in almost all autotomy cockroaches after 36--43 days. In the coxa-cut-group, however, many molts (71%, or 193 of 273 observed molts) revealed only a healing coxa (1^st^ and 2^nd^ response) throughout the duration of the study, indicating a much slower, more variable, healing process.

The only manuscript found that addresses severing of legs at mid-coxa level was by Joseph Kunkel \[[@pone.0146778.ref008]\]. Though the majority of his study was on removal of the leg at the femur/trochanter autotomy joint, he did in passing note in 4^th^ instar *Periplaneta americana* that:

> *"Amputation between the coxa and trochanter does not result in any regeneration at the subsequent molt*. *Some molting delay occurs which may be related to the substantial injury and blood loss caused by amputation at this non-autotomy point*.*"*

Studied systematically here, more substantial healing indeed needs to occur in the coxa-cut group before a new leg can appear, and the new leg is \~2.5x smaller than a regenerated leg that results from autotomy leg removal. It would be interesting to study and understand whether a coxa-cut cockroach 1) first regrows the coxa and then subsequently grows a leg inside the regenerated coxa, or 2) simultaneously regrows the coxa and new leg. Careful microscopic studies would reveal which of these two hypotheses is likely to bear out.

For example, the wound healing and leg regrowth process has been well characterized in second stage *americana* instars injected with tritiated thymidine to monitor cell division after a trochanter/femur autotomy joint leg removal \[[@pone.0146778.ref013], [@pone.0146778.ref030]\]. Initially, the leaking hemolymph dries and forms a temporary seal, which then permanently seals as cells near the wound enlarge and migrate underneath the dried hemolymph. After this, the epidermis near the wound separates and forms a blastema, and this blastema then forms a new leg. Since the coxa-cuts in this manuscript are a more dramatic injury than autotomy removal, such a healing process may utilize different regeneration mechanisms (perhaps due to loss of epidermal stem cells in the coxa) that explain the longer time for a new leg to appear in the coxa-cut group.

Conclusion {#sec020}
==========

Given our research group's work using cockroach leg neurophysiology as an educational preparation that is often replicated by teachers in classrooms, we hereby recommend that leg removal proceed via autotomy at the trochanter/femur joint in lieu of cutting at the coxa, as autotomy-removed legs regenerate more rapidly and reliably than coxa-cut legs, and the same neurophysiology experiments can still be undertaken on autotomy-removed legs.

The autotomy-removed cockroach leg is thus a near ideal biological preparation for its utility in classrooms for 1) teaching introductory principles of neurophysiology, and 2) regeneration studies. After doing the neural recording experiments, students interested in development can measure and observe the leg regrowth, which can serve to teach about contemporary biological research in tissue regeneration and its relevance to human afflictions. Such experiments are increasingly easier to carry out and improve upon as open source science tools become more and more available \[[@pone.0146778.ref031]\].

Thanks to Gregory Gage, Aleksandra Jankovic, and Cindy Harley for critically reading versions of the manuscript. Cristina Mezuk assisted in obtaining some of the older literature cited here; she also illustrated **[Fig 1](#pone.0146778.g001){ref-type="fig"}**. Acknowledgement goes to Jennifer Trigger for help with collecting data during some observation points. This manuscript is dedicated to Cristian Rojo, a skeptical engineer whose perpetual doubting remarks ("Mentira...¡La patita no puede crecer otra vez!") maintained morale throughout the experiment and the writing of the manuscript.
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